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The NaNO2 nanocomposite ferroelectric material in porous glass was studied by neutron diffrac-
tion. For the first time the details of the crystal structure including positions and anisotropic
thermal parameters were determined for the solid material, embedded in a porous matrix, in ferro-
and paraelectric phases. It is demonstrated that in the ferroelectric phase the structure is consis-
tent with bulk data but above transition temperature the giant growth of amplitudes of thermal
vibrations is observed, resulting in the formation of a ”premelted state”. Such a conclusion is in a
good agreement with the results of dielectric measurements published earlier.
PACS numbers: 61.12.Ld, 61.46.+W, 77.84.Lf
INTRODUCTION
The problem of the physical properties of materials
in a restricted geometry is one of the ”hot” points of
modern solid state physics and is not only of funda-
mental interest but also of practical importance. Along
with films, filaments etc. there is large and important
group of restricted geometry objects, namely materials
confined within porous media (hereinafter we will call
them confined materials - CM). In recent years proper-
ties of CM and in particular various types of phase tran-
sitions (PT) (superconducting [1, 2], superfluid [3, 4],
melting-freezing [5, 6, 7, 8, 9, 10, 11] and others PTs
[12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22] in different
CM have been extensively studied by different experi-
mental methods including calorimetry [5, 7, 20], NMR
[9, 21], ultrasonic [8, 9] and dielectric [12, 14, 15] mea-
surements, Raman [10, 13], X-ray [12, 16, 17, 18] and
neutron scattering [10, 14, 22, 23, 24, 25, 26], differential
thermal analysis [19] etc. It has been shown that CM can
form either a system of isolated particles [10] or a net of
interconnected dendrite clusters [14] and their physical
properties differ drastically from those in corresponding
bulk samples and strongly depend on different character-
istics of porous matrices and embedded substances such
as pore size and geometry, wetting ability, surface ten-
sion, interaction between CM and surface of host matrix
and so on.
Finite-size effects in ferroelectrics were observed for the
first time at the beginning of 1950s [16]. It was shown
that the physical properties of dispersed ferroelectrics are
significantly different from those of the bulk materials in
particular when the characteristic size becomes compa-
rable with correlation length of order parameter critical
fluctuations. In detail the modern theoretical and ex-
perimental situation is well described in the review [27]
and references therein. During last years the develop-
ment of new nanotechnologies gave the strong impetus
to the study of ferroelectric microcomposites as a new
basis of ferroelectric memories or an active component in
fine-composite materials, however the principal attention
was devoted to the thin films or granular ferroelectrics.
On the other hand the very interesting and surprising re-
sults were recently obtained for ferroelectric CM. In par-
ticular the dielectric measurements of NaNO2, KH2PO4
(KDP) and Rochelle salt confined in different porous ma-
trices have shown [14, 15, 28] the growth of dielectric
permittivity ε above temperature of ferroelectric phase
transition Tc for all materials and all matrices and unex-
pected increase of Tc at decreasing of characteristic size
D for KDP. The most remarkable result was the giant
growth of ε (up to 108 at 100 Hz - the record value!)
at approaching to the bulk melting temperature (Tmelt=
557 K) that was observed for NaNO2 embedded into an
artificial opal matrix [15]. The temperature dependence
of ε in CM case essentially differs from analogous de-
pendence for the bulk NaNO2 [29] typical for classical
ferroelectrics, and this giant growth of dielectric permit-
tivity was attributed to the extremely broadened melting
process [15], but no experimental evidence was presented.
We have attempted to study the temperature evolu-
tion of structure of confined NaNO2 in porous glass with
pores size 7 nm at temperatures below and above Tc by
the method of neutron diffraction to clarify the micro-
scopic origin of observed anomalies of dielectric permit-
tivity. This method was successfully used for study of
structure evolution of water, cyclohexane [23, 24, 25, 26]
and liquid mercury [10] confined within porous media
at melting-freezing PT, but no diffraction study of mi-
crocomposite ferroelectric materials (except our prelimi-
nary results [14]) were performed earlier. Moreover we do
not know any paper dealing with the detailed structure
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FIG. 1: Neutron diffraction patterns for NaNO2 in porous
glass at 420 K (ferroelectric phase) and 460 K (paraelectric
phase). The inserts present diffraction patterns at large Q in
enlarged scale.
refinement (including determination of thermal parame-
ters) of any confined solid materials.
RESULTS
The samples were prepared by immersing of the pre-
liminary warmed up platelets of the porous glass in the
melted NaNO2 in the sealed quartz container. The glass
samples were tested by the mercury intrusion porosime-
try and the pore sizes were found to be 7±1 nm. The
volume amount of the salt was about 25%. Measure-
ments were performed on the powder diffractometer G4-2
(LLB, Saclay, France) at 2.3434 A˚ at room temperature
(RT), 400 K, 420 K, 440 K, 450 K and 460 K, i.e. be-
low and above ferroelectric PT temperature Tc ≈ 438 K.
The diffraction patterns for 420 K (ferroelectric phase)
and 460 K (paraelectric phase) are presented in Fig. 1.
The diffuse background observed in addition to the nor-
mal diffraction peaks due to porous silica glass was used
to determine the nearest Si-O and O-O distances. These
parameters were found to be almost equal to those for
glass silicate tetrahedron SiO4 [30] and were practically
temperature independent therefore the cavity sizes in the
host glass matrix do not depend on temperature.
The observed diffraction peaks corresponding to the or-
thorhombic structure were slightly asymmetric with the
width larger then the instrumental resolution, but much
smaller then the value expected for the scattering on the
isolated 7 nm particles. It leads to a conclusion that
due to high wetting ability the sodium nitrite forms a
kind of interconnected clusters probably of the dendrite
type. Their average size was found from structure refine-
ment to be about 45 nm and was practically temperature
independent. One should mention that the situation is
quite different from the case of non-wetting compounds
like the liquid mercury, which forms on cooling a system
of independent particles with characteristic size equal to
the average pore diameter [10].
The diffraction patterns in ferroelectric phase were fit-
ted in the frames of the Im2m space group and following
the paper [31] a pseudo-mirror plane perpendicular to b
axis was included at y=0 to take into account incomplete
ordering of the NO2 groups. In this case the long-range
order parameter can be determined as=f1-f2 [31], where
the fraction f1 of the NO2 groups was placed on one side
of the plane and f2=1-f1 on the other side.
Below Tc our results are in a good agreement with pub-
lished data for the bulk NaNO2, however the anisotropic
thermal parameters βij are slightly higher then for the
bulk [31]. The diffraction patterns above Tc correspond
to the paraelectric phase with space group Immm. The
heating through Tc results in the decrease of intensity of
most of the peaks. The observed effect is much stronger
than that in the case of bulk NaNO2 [31] and is in agree-
ment with our earlier data [14].
DISCUSSION
The results of the refinement procedure have revealed
two main distinguishing features of the temperature evo-
lution of structure of embedded sodium nitrite.
The first one is the essential increase of elementary cell
volume upon passing through Tc (insert on Fig. 2). Here
one can note that a similar phenomenon was observed
for the overwhelming majority of different materials at
melting [32]. The detailed analysis of temperature de-
pendences of lattice parameters a, b and c shows that in
ferroelectric phase the confined NaNO2 expands in the a
and b directions and contracts in the c direction similar
to the bulk material, but above Tc the lattice parameters
a and b increase rapidly and c decreases slowly then in
the bulk. As far back as 1961 S. Nomura [29] had shown
that the misalignment of the NO2 anion is responsible
for the anomalous thermal expansion in the b direction
(along macroscopic polarization). He had also supposed
that the expansion in the a direction and the contraction
in the c direction could be explained by rotation or ro-
tational vibration about arbitrary axis of non-spherical
NO2 group, which holds its long axis parallel to the c
direction in the equilibrium. Later K. Takahashi and W.
Kinase [34] have proposed the microscopic mechanism
of the ferroelectric PT and have shown that the mixed
type of NO2 group rotation around the a and c axes
is achieved. They have shown also that in ferroelectric
phase there are the potential barriers, which have strong
angular dependences and limit the rotation of the NO2
around a and c axes.
In terms of such a model the observed behavior of unit
cell parameters could be explained by the increase of
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FIG. 2: Temperature dependences of thermal parameters βjj
for bulk [31] and porous samples. On insert temperature de-
pendences of unit cell volume for bulk [33] and CM are pre-
sented. The errors do not exceed the size of symbols. Vertical
arrows indicate temperature of ferroelectric PT for the bulk.
these rotations above Tc, experimentally displaying as
a growth of thermal vibrations of ions. And indeed, the
second distinguishing feature is the steep growth of the
thermal parameters βij (Fig. 2) above Tc pointing out
the ”looseness” (or softening) of the structure.
Using obtained βij , the thermal vibration ellipsoids for
constituent ions were constructed at all measured tem-
peratures and have been compared with those for the
bulk material [31]. The results of refinement at 420 K
(below Tc) and 460 K (above Tc) are presented as el-
lipsoids of 50% probability in Fig. 3 and as ellipsoids
of 5% probability in Fig. 4 (inasmuch as oxygen ther-
mal displacements are very large for porous sample). For
the bulk material these ellipsoids are close to a sphere
at all temperatures and their characteristic sizes increase
insignificantly on heating. For sodium nitrite in porous
glass below Tc these ellipsoids are clearly anisotropic and
slightly larger then for the bulk, but on heating through
Tc the shape and size of the thermal vibration ellipsoids
change drastically. In the paraelectric phase (above Tc)
the vibrations of Na and N form practically flat disks
perpendicular the b direction for Na and the a direc-
tion for N as a result of mixed rotation around a and
c axes, while oxygen ions form very stretched ellipsoids
predominantly along the a and c directions, as it should
be expected at increasing of rotation around b axis. The
obtained values of oxygen thermal displacements along
the c and a directions at 460 K (above Tc) are equal to
1.21 A˚ and 0.93 A˚ respectively (i.e. more than 25% of
O-O (3.34 A˚) distance for neighboring NO2 groups) and
essentially exceed the Lindemann criterion, which states
that bulk material will melt when the average value of
thermal displacements of nuclei exceeds 10% - 15% of
internuclear distances [32, 35, 36].
FIG. 3: 50 per cent ellipsoids of thermal vibrations for bulk
and porous samples at 420 K (below Tc).
FIG. 4: 5 per cent ellipsoids of thermal vibrations for bulk and
porous samples at 460 K (above Tc). Note: the ellipsoids of
5% probability are presented, inasmuch as oxygen thermal
vibrations are very large for porous sample
Having the picture of ion thermal vibrations and keep-
ing in mind the results of structure refinement, we can
suppose that the ”looseness” (or softening) of the struc-
ture is a distinctive (and true intrinsic) feature of this CM
corresponding to the formation above Tc (more then 100
degrees below the bulk Tmelt) ”premelted state” initially
manifesting itself in the oxygen sublattice. In this case
the mentioned above growth of dielectric permittivity of
NaNO2 above Tc [15] could be explained by appearance
of ionic current due to jumping diffusion of constituent
ions, firstly oxygen ones.
Early analogous premelted effects were studied in
metasilicates (Na2SiO3, Li2SiO3 [37, 38]) and some oth-
ers minerals [39], such as diopside, anorthite etc., where
the heat capacity anomalies have been observed begin-
ning from 100 to 200 degrees below relevant melting tem-
peratures, and for those it was demonstrated, that pre-
4melting represents unquenchable configurational changes
within phases remaining crystalline up to congruent melt-
ing points [39]. It is different from premelting of ice in
porous glass [40] or in exfoliated graphite [41] matrices,
where the premelted state is formed at the surface layer
between the ice and host matrix and strongly depends on
surface curvature. In our case the ”premelted state” has
a volume character and probably originates from some
size effect of yet unclear nature.
In conclusion, for the first time the details of the struc-
ture of a solid material embedded in a porous matrix was
determined by neutron diffraction. The temperature evo-
lution of structure in a restricted geometry was studied
for the ferroelectric NaNO2 embedded in a porous glass
and it was shown that this CM forms a kind of intercon-
nected clusters probably of the dendrite type with practi-
cally temperature independent average size about 45 nm.
Above Tc the volume ”premelted” state is formed, man-
ifesting itself in a sharp growth of the thermal motion
parameters, softening of lattice and increasing of lattice
volume. In such a case the possible appearance of ionic
current due to oxygen jumping diffusion is proposed as a
reason of observed giant growth of dielectric permittiv-
ity. On cooling below Tc macroscopic polarization and
potential barriers suppress the lattice softening and the
normal ferroelectric phase exists, but even at room tem-
perature the thermal vibrations are different from those
for the bulk material.
The work was supported by the RFBR (grants 00-
02-16883, 01-02-17739), the Russian Program ”Neutron
Researches of Solids” (the contract 01.40.01.07.04) and
”Solid State Nanostructures” (grant 99-1112).
∗ Electronic address: alex.nabereznov@pop.ioffe.rssi.ru
† Electronic address: s.vakhrushev@pop.ioffe.rssi.ru
[1] M.J. Graf, T.E. Huber, and C.A. Huber, Phys. Rev. B
45, 3133 (1992).
[2] E.V. Charnaya, C. Tien, K.J. Lin, C.S. Wur, Yu.A.
Kumzerov, Phys. Rev. B 58, 467 (1998).
[3] M.H.W. Chan, K.I. Blum, S.Q. Murphy, G.K.S. Wong,
and J.D. Reppy, Phys. Rev. Lett. 61, 1950 (1988).
[4] M. Larson, N. Mulders, and G. Ahlers, Phys. Rev. Lett.
68, 3896 (1992).
[5] R. Mu and V.M. Malhotra , Phys. Rev. B 44, 4296
(1991).
[6] J.A. Duffy, N.J. Wilkinson, H.M. Fretwell, and M.A.
Alam, J. Phys.: Condens. Matter 7, L27 (1995) and ref-
erences therein.
[7] C.L. Jackson and G.B. McKenna, J. Chem. Phys., 93,
9002 (1990).
[8] J.R. Beamish, A. Hikata, L. Tell, and C. Elbaum, Phys.
Rev. Lett. 50, 425 (1983)
[9] B.F. Borisov, E.V. Charnaya, P.G. Plotnikov, W.-D.
Hoffmann, D. Michel, Yu.A. Kumzerov, C. Tien, C.S.
Wur, Phys. Rev. B 58, 5329 (1998).
[10] Yu.A. Kumzerov, A.A. Nabereznov, S.B. Vakhrushev,
and B.N. Savenko , Phys. Rev. B 52, 4772 (1995).
[11] M.-C. Bellissent-Funel, J. Lal, L. Bosio, J.Chem.Phys.
98, 4246 (1993).
[12] T. Kanata, T. Yoshukawa, K. Kubota, Solid State
Comm. 62, 765 (1987).
[13] K. Ishikawa, K. Yoshikawa, and N. Okada, Phys. Rev. B
37, 5852 (1988).
[14] E.V. Colla, A.V. Fokin, E.Yu. Koroleva, Yu.A. Kumze-
rov, S.B. Vakhrushev, B.N. Savenko, NanoStructured
Materials 12, 963 (1999).
[15] S.V. Pan ’kova, V.V. Poborchii and V.G. Solov ’ev,
J.Phys.: Condens. Matter, 8, L203 (1996).
[16] K. Anliker, H.R. Brugger, W. Kanzig, Helv. Phys. Acta
27, 99 (1954).
[17] K. Saegusa, W. Rhine, and H.K. Bowen, J. Am. Ceram.
Soc. 76, 1505 (1993).
[18] K. Uchino, E. Sadanaga, and T. Hirose, J. Am. Ceram.
Soc. 72, 1555 (1989).
[19] P. Marquardt and H. Gleiter, Phys. Rev. Lett. 48, 1423,
(1982).
[20] W.L. Zhong, Y.G. Wang, and P.L. Zhang, Phys.Letts. A
189, 121 (1995).
[21] W. Buchheit, V. Kreibig, D. Mu¨ller, and A. Voight, Z.
Phys. B 32, 83 (1978).
[22] I.V. Golosovsky, I. Mirebeau, G. Andre´, D.A. Kur-
dyukov, Yu.A. Kumzerov, and S.B. Vakhrushev, Phys.
Rev. Lett. 86, 5783 (2001).
[23] D.C. Steytler and J.C. Dore, J. Phys. Chem. 87, 2458
(1983).
[24] J.C. Dore, M. Dunn, and P. Chieux, J. Phys.(Paris), 48,
C1 (1987).
[25] M.J. Benham, J.C. Cook, J-C. Li, D.K. Ross, P.L. Hall,
B. Sarkissian, Phys. Rev. B 39, 633 (1989).
[26] P. Wiltzius, F.S. Bates, S.B. Dierker, and G.D.Wignall
Phys. Rev. A 36, 2991 (1987)
[27] W.L. Zhong, Y.G. Wang and P.L. Zhang, Ferroelectrics
Review 1, 131 (1998).
[28] E.V. Colla, A.V. Fokin, Yu.A. Kumzerov, Solid State
Commun. 103, 127 (1997).
[29] S. Nomura, J. Phys. Soc. of Japan 16, 2440 (1961).
[30] I. Naray-Szabo, Krystalykemia, Academiai Kiado, Bu-
dapest, 1969.
[31] M.I. Kay, Ferroelectrics 4, 235 (1972).
[32] A.R. Ubbelohde, Melting and Crystal Structure, Claren-
don Press: Oxford, 1965.
[33] http://GPEengineeringSoft.com
[34] K. Takahashi and W. Kinase, J. Phys. Soc. Japan 61,
329 (1992).
[35] W.A. Curtin and N.W. Ashcroft, Phys. Rev. Lett. 56,
2775 (1986).
[36] R. Brout, Phase Transitions, University of Brussels, NY-
Amsterdam, 1965.
[37] A.M. George, P. Richet, J.F. Stebbins, American Miner-
alogist 83, 1277 (1998).
[38] P. Richet, B.O. Mysen, D. Andrault, Physics and Chem-
istry of Minerals 23, 157 (1996).
[39] P. Richet, J. Ingrin, B.O. Mysen, P. Courtial, P. Gillet,
Earth and Planetary Science Letters 121, 589 (1994).
[40] T. Ishizaki, M. Maruyama, Y. Furukawa, J.G. Dash,
Journal of Crystal Growth 163, 455 (1996).
[41] J.M. Gay, J. Suzanne, J.G. Dash, H.Y Fu, Journal of
Crystal Growth 125, 33 (1992).
